Novel polyimides (PIs) based on the isomeric mixture of diethyltoluenediamine and 6FDA, BPDA, BTDA, ODPA, and BPADA dianhydrides are synthesized using a one-stage technique. The synthesized polymers possess high thermal stability and molecular weight, increased glass transition points T g > 400°C (except for PI with BPADA), and good film-forming properties. The polymers are soluble in chloroform, NMP, DMAA, and DMSO. The investigation of the gas transport of the synthesized polymers shows that the polyimides with 6FDA and BPDA dianhydride fragments can be assigned to the class of highly permeable polyimides (the oxygen permeability coefficients are 82 and 28 Barrer, respectively). The gas transport parameters of the synthesized polymers turn out to be comparableto those for the polyimides based on 2,4,6-trimethyl-m-phenylenediamine studied previously.
INTRODUCTION
Aromatic polyimides (PIs) are chemically and thermally stable glass-like polymers that form strong nonporous films characterized by high selectivity of gas and vapor separation [1] [2] [3] . Particularly due to these reasons, more than 40% (about 400) of the polymers presented in the Database on the Transport Properties of Glassy Polymers of the Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences [4] belong to this particular class [5] . For many gas pairs, such as CO 2 /CH 4 , H 2 /CH 4 , H 2 /CO, and O 2 /N 2 , PIs determine the position of the Robeson plot upper bound [6, 7] . However, the low values of permeability and high cost of the membrane material restrain wide industrial application of PI membranes. Currently, only hollow-fiber membranes on the basis of Upilex R (Ube Industries) and Matrimid PIs are used for the processes of membrane gas separation [2, 3] .
The relationship of the chemical structure and membrane properties of PIs has been discussed in a series of reviews and monographs [2, 3, [8] [9] [10] . Based on the methods of computer modeling [11, 12] and additive schemes for the prediction of transport characteristics [13] [14] [15] [16] , the main elements of the chemical structure of the repeat unit [2, 3, [11] [12] [13] [14] [15] [16] and chain structure [3, 12] responsible for the gas separation characteristics of PIs have been revealed. Thus, it is known that the characteristic features of PI packing which provide high selectivity of gas separation and, at the same time, good mechanical properties and high thermal stability are determined by the increased energy of cohesion due to the interaction of flat phenylimide cycles (so-called stacking). However, the same characteristic features of the packing lead to a decrease in gas permeability. A known design element for the preparation of highly permeable PIs is the use of structural elements with rigid spacers and turns of the chain which lead to the breakdown of the stacking interaction. Thus, PIs with the structural elements with rigid inflections characteristic for so-called polymers with internal microporosity are the most permeable in this group of polymers [17] . Effects that are less pronounced but similar with respect to the conformational characteristic features of the chain are observed for PIs with 6FDA dianhydride [3] or for PIs with rigid diamines bearing bulky substituents [18] . Thus, in [3] , the characteristic features of the packing of PIs based on 2,4,6-trimethyl-m-phenylenediamine (m-TMPD) which are one of the most permeable PIs [19] [20] [21] [22] [23] [24] [25] [26] have been considered.
In this work, a series of PIs with diethyltoluenediamine (DETDA), a diamine that is structurally related to m-TMPD, has been synthesized and studied. EXPERIMENTAL 2,2-Propylidene diphenyloxydiphthalic anhydride (BPADA), dianhydride of 3,3',4,4'-biphenyltetracarboxylic (BPDA) and 3,3',4,4'-benzophenonetetracarboxylic acids (BTDA), and 4,4-oxydiphthalic anhydride (ODPA) 2,2-(Aldrich) used in this work were heated up in the solid state at temperatures above the melting points of the anhydrides; the purity was controlled by measuring the melting points via DSC: T m = 189, 286, 219, and 221°C, respectively. Hexafluoropropylidene diphthalic anhydride (6FDA) (Aldrich) and diethyltoluenediamine (DETDA) (Hebei, China) which is a mixture of two isomers, 2,4-diamino-3,5diethyltoluene (80%) and 2,6-diamino-3,5-diethyltoluene (20%), were used without additional purification, T m = 244°C and T b = 117-119°C, respectively.
Analytical grade benzoic acid was recrystallized from an ethanol-water mixture and dried in vacuum, T m = 122°C. Chemically pure grade dimethylacetamide, dimethylformamide, and N-methylpyrrolidone were dried over P 2 O 5 and purified by distillation in vacuum, T b = 165, 153, and 202°C, respectively. Diethyl ether and chloroform were used without additional purification.
Synthesis of Polyimide from 6FDA and DETDA
A 0.29-g portion of DETDA (0.0016 mol) and 4.0 g of benzoic acid (BA) were charged into a three-neck glass reactor equipped with a stirrer. The temperature was increased to 140°C. After the dissolution of DETDA in a melt of BA, 0.7136 g (0.0016 mol) of 6FDA was introduced into the mixture. The reaction mixture was heated with stirring for 2 h at 140°C while purging the reactor with an inert gas at a low flow rate. Upon the completion of the synthesis, the hot reaction mixture was poured onto a Petri dish and cooled to room temperature. The solid reaction mass was ground, and BA was extracted with diethyl ether to separate the polymer from BA. The obtained polymeric product was multiply rinsed with diethyl ether on a filter, filtered off, and dried under vacuum at room temperature for 1 h. All the polyimides from the presented series were prepared in a similar manner.
The structure of the synthesized polyimides was confirmed using IR and 1 H NMR spectroscopy. For a 6FDA-DETDA PI: IR spectrum (CsI, ν, cm −1 ): 2969, 2938, 2979 (C-H), 1784, 1724, 1360, 720 (C=O in the imide moiety), 1596 (C-C). 1 
Investigation Procedures
The IR spectra were recorded on a Bruker Equinox 55/S Fourier-transform IR spectrometer in the range of 4000-400 cm −1 . The samples were prepared in the form of thin films. The 1 H NMR spectra were recorded on a Bruker AМ-300 instrument at a frequency of 300.13 MHz. The chemical shifts are presented relative to SiMe 4 . The DSC thermograms in the range of 20-400°C were recorded on a DSC-500 instrument (Russia) at a rate of heating of 16°C/min. The gel permeation chromatograms (GPCs) were recorded on a Stayer instrument equipped with Phenogel columns (5000-70000) using DMF as the eluent at 60°C and a flow rate of 1 mL/min. Polystyrene standards with M = 0.2-7.0 × 10 4 were used as the reference. The raw data were processed using the MultiKhrom Version 1.5X software.
Thermogravimetric analysis (TGA) data were obtained on a NETZSCH STA 449F3 Jupiter instrument for synchronous thermal analysis operating in an argon atmosphere at a heating rate of 10°C/min; sample mass was 5 mg.
Polymer films were obtained by casting on a cellophane substrate from a 5% solution in reagent-grade chloroform with drying for two to three days at room temperature followed by bringing to a constant weight in vacuum.
The density ρ of the polymer films, g/cm 3 , was determined at room temperature of 22 ± 2°C by hydrostatic weighing in propanol-2. The fractional free volume FFV was determined by the Bondi method:
where V w is the van der Waals volume of the monomeric unit, cm 3 /mol; V sp = M/ρ is the specific occupied volume of the polymer, cm 3 /mol; and M is the molecular weight of the repeat unit of the polymer, g/mol.
The permeability and diffusion coefficients of gases (He, H 2 , O 2 , N 2 , CO 2 , and CH 4 ) at 22-24°C for the obtained films were measured using an integral barometric method on an MKS Barotron unit controlled with LabView-based software. The experiments were carried out at room temperature and a pressure upstream of the membrane of ~1 atm. In the case of investigation of oxygen permeability, the upstream pressure was varied within the range of 1-5 atm, and it was shown that the permeability coefficients of this gas remained constant, as well as the diffusion coefficients. The pressure downstream of the membrane did not exceed 10 −3 mmHg, so that the back diffusion of the penetrating gas was neglected under the conditions of the experiment. A curve of gas leak into a calibrated volume through a PI film was used to determine the coefficients of permeability P (by the slope of the linear dependence of the flow through the film upon reaching a steady state of mass transfer) and coefficients of diffusion D (by the Daynes-Barrer method taking into account the time lag θ, s: D = l 2 /6θ, where l is the thickness of the film). Solubility coefficients, S, were calculated from the experimental values of P and D as S = P/D. The ideal separation selectivities (α = P i /P j ) and selectivities of diffusion (α D = D i /D j ) for different gas pairs i and j were found from the obtained data. The experimental error of the measurement of P was 5% and of D, 10%; thus, the error of determination of S by calculation was 15%; that of α, 10%; and of α D , 20%. Experimental P and D values were normalized to 35°C according to the procedure [27] for comparison with the published data from the Polyimide Database.
RESULTS AND DISCUSSION
DETDA is an inert diamine, whose low-reactivity is determined by steric hindrances due to the alkyl substituents. Polyimides based on such low-reactivity diamines can be obtained only via high-temperature polycondensation in high-boiling solvents under very harsh conditions (m-cresol, nitrobenzene, 180-210°C, 3-6 h). In this work, the synthesis of a series of PIs based on DETDA and various standard dianhydrides was performed via high-temperature catalytic polycondensation in a BA melt [1] [2] [3] which allows carry-ing out the polycondensation under significantly milder conditions (140°C, 1-2 h) (Scheme 1). The synthesis of PIs in a BA melt is slightly affected by the reactivity of the reactants, since imidization rather than the formation of a polyamido acid becomes the rate-determining step of the process [28] .
All the syntheses were carried out in a homogenous reaction solution. The isolated products are soluble in organic solvents and possess good film-forming capacity. According to the 1 H NMR, GPC, and TGA data, all the samples except for DETDA-BPADA are high-molecular-weight polyimides with the degree of imidization close to 100%, high thermal stability (the 10% degradation temperature T 10% is above 495°C), and a high glass transition temperature ( Table 1) . These polyimides are highly soluble in common chemical solvents (chloroform, N-MP, DMA, and DMF). Their high molecular weights (reaching 150 kDa for DETDA-BPADA) and relatively low polydispersity indices (M w /M n = 1.4 for DETDA-BPADA) untypical of PIs are also noteworthy. All the obtained samples are characterized by a low density, untypical for PIs, of the films obtained from a solution in chloroform. The PIs synthesized in this work can be divided into two groups with respect to the free volume. Thus, PIs based on BTDA, ODPA, and BPADA dianhydrides have the fractional free volume of 14-14.5%, which is common for amorphous glassy polymers, although it is higher somewhat [4] . At the same time, the PIs based on 6FDA and BPDA dianhydrides with the fractional free volume of 18-19% should also possess a high level of gas permeability [4] .
The experimental gas permeability coefficients of the obtained polymer films are presented in Table 2 . As is seen from Similar trends are observed for the diffusion coefficients of gases in the synthesized PIs (Table 3) . Polyimides based on 6FDA are characterized by the highest values of D. The D values of the PI films based on BPDA for O 2 , N 2 , CO 2 , and CH 4 are lower by a factor of 2.5-3 than those for the PIs based on 6FDA. The gas diffusion coefficients for the PIs based on BTDA, ODPA, and BPADA are lower by a factor of 2-2.5 than the corresponding values for the PIs based on BPDA and slightly differ from each other. For the penetrants with a small molecular size, the difference in the diffusion coefficients is much smaller. Thus, the values of D(H 2 ) for BPDA are only one and a half times higher than for BTDA, ODPA, or BPADA, and D(He) for BPDA is lower than for BTDA or BPADA and 1.5-fold higher than for ODPA. Thus, the diffusion coefficients of most gases change in the order 6FDA > BPDA > BTDA ≈ ODPA ≈ BPADA, which apparently determines the change in the permeability coefficients of these gases.
These trends of the change in P and D affect the changes in S ( Table 4 ). The PIs based on 6FDA and BPDA are characterized by the highest and close values of S. It was found that S(BPDA) > S(6FDA) for CO 2 and CH 4 , whereas S(6FDA) > S(BPDA) for O 2 and N 2 . The values of S(BPDA) for hydrogen and helium are also maximum in the total array of data. This gives the evidence of the larger sizes of free volume elements (FVEs) in these PIs in comparison with the others. The values of S for O 2 , N 2 , and CH 4 are comparable for the PIs based on BTDA and ODPA and almost twofold lower than the respective solubility coefficients for the PIs based on 6FDA and BPDA. However, S(BTDA) is substantially higher than S(ODPA) for CO 2 . Finally, the PI based on BPADA is distinguished by the lowest values of the solubility of gases.
The ideal selectivities of gas separation for all the polymers are presented in Table 4 , and Fig. 1 shows the position of the studied polymers in Robeson diagrams.
As is seen from Table 5 and Fig. 1a , the most permeable PI based on 6FDA possesses the lowest oxygen/nitrogen gas selectivity. The selectivity of the polymers decreases in parallel to the upper bound in the diagram. The least permeable PI based on BPADA somewhat differs from the general trend. Overall, the selectivities of the studied polymers are not highexcept for the CO 2 /N 2 pair (Fig. 1b) . In this diagram, the point for thePIbased on BPDA is at the upper bound for amorphous glassy polymers. Apparently, this characteristic feature of the PIs studied is determined by the high solubility of CO 2 in these polymers (Table 4 ). It can be concluded from the comparison of the ideal selectivities with respect to the presented pairs of gases for the polyimides based on DETDA and m-TMPD that PIs with the corresponding dianhydride moieties have comparable gas selectivities and permeabilities.
The decreased permeability coefficients of gases in the polyimides based on DETDA can be explained by the fact that the transport parameters of these polymers were measured at a lower temperature (~22°C), while the data for the PIs based on m-TMPD were obtained at 35°C.
The influence of the difference in temperature can be compensated by normalizing the experimental results to 35°C according to the procedure described earlier in [27] . This procedure was applied, by way of example, to the gas permeability coefficients of polyimides with the diamine DETDA and the dianhydrides 6FDA and BTDA. As is seen from Table 6 , in general, the values of P for all the gases are comparable for both PI groups, taking into account the scatter of the experimental results, which can give evidence that the characteristics of the fractional free volume are close in pairs of polymers with the same dianhydride moiety.
It is known that the permselectivity α P with respect to a pair of gases is determined by the product of the selectivities of diffusion α D and solubility α S Comparison the data in Tables 5 and 7 leads to the conclusion that the permselectivity for all the gas . P D S α = α α pairs, except CO 2 /N 2 , is determined by the selectivity of diffusion.
CONCLUSIONS
In summary, a series of new polyimides based on the isomeric mixture of diethyltoluenediamine and 6FDA, BPDA, BTDA, ODPA, and BPADA standard dianhydrides has been synthesized and characterized in this study. The synthesized polymers have a high glass transition temperature of T g > 400°C (except for the PI with BPADA) and excellent film-forming properties. The gas transport parameters of the polyimides synthesized in this work turned out to be comparable to those for the earlier studied PIs based on 2,4,6trimethyl-m-phenylenediamine. A series of obtained polymers with the 6FDA and BPDA dianhydride moieties based on diethyltoluenediamine can be classified with highly permeable polyimides (oxygen permeability coefficients are 82 and 28 Barrer, respectively).
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